ABSTRACT A study was conducted with broiler breeder pullets to investigate the effects of strain, age at photostimulation (PS), and release from feed restriction at PS on age, BW, ovarian morphology, and carcass characteristics at sexual maturity (point of initiation of lay). Sixty birds of each of 4 strains were used. The 4 types represented a classic strain (A), 2 high-yield strains (B, C), and a roaster strain (D). Photostimulation (8L:16D to 14L:10D) was applied at 2 different ages (21 and 24 wk) to 30 birds of each strain type. Within each of the PS periods, 15 birds of each strain were fed ad libitum (F), and the remaining 15 were feed-restricted (R) following a common feeding schedule. On the day that each bird had its first oviposition, its feed was withdrawn. It was euthanized the following morning by cervical dislocation and organs were collected. Of the 3 main effects, feeding (Key words: broiler breeder, large yellow follicle, ovary, ultrasound)
INTRODUCTION
Genetics play a key role in determining reproductive fitness, as evidenced by differences in egg production of layer hens compared with broiler breeder (BB) hens. Different strains and their related genetic selection programs can result in extreme differences in egg production. Within purebred lines of BB, differences in egg production also exist depending on the selection emphasis placed on breeder traits vs. broiler traits. Many of these differences in egg production are related to BW of the various lines. Siegel and Dunnington (1985) reported a negative correlation between BW and egg production in growthselected lines of chickens. The initiation of puberty and subsequent egg production of BB hens can be affected by nutrition and light stimuli. The magnitude of differences 2004 Poultry Science Association, Inc. Received for publication December 19, 2003 . Accepted for publication July 16, 2004. 1 To whom correspondence should be addressed: nanthony@ uark.edu.
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program had the greatest effect on all the parameters measured. Within the 21-wk PS treatment group, R birds reached onset of sexual maturity later than F birds (50.2 ± 1.64 vs. 36.6 ± 1.01 d, respectively). There were no differences in the age at sexual maturity between R and F birds for the 24-wk PS treatment (28.9 ± 0.95 vs. 26.9 ± 0.85 for R and F, respectively). These results suggest that by 24 wk, all strains had reached a threshold BW and responded uniformly to PS regardless of feeding program. Feed restriction reduced the number of large yellow follicles (LYF) (diameter >10 mm) (8.43 ± 0.23 vs. 9.65 ± 0.33 for R and F birds, respectively). Follicle number was not different between birds photostimulated at 21 or 24 wk (9.6 ± 0.33 vs. 8.45 ± 0.23, respectively). Feed restriction affects sexual development that can be modulated by the PS program.
in reproductive development of parent stock BB from various companies is unknown.
The negative relationship between BW and egg production has led to the development of management strategies designed to adapt to production losses (Siegel and Dunnington, 1985; Robinson et al., 1993) . Inefficiencies in egg production can be traced to many sources such as hens reaching sexual maturity later than is economical, poor rates of lay, and increased hen mortality. Compared with the ovaries of commercial egg lines, the ovaries of BB hens have almost twice the number of large yellow follicles (LYF) (Hocking et al., 1987) . At sexual maturity, fullfed BB have more LYF than feed-restricted hens and the number of LYF is linearly related to BW and food intake (Jaap and Muir, 1968; Hocking et al., 1987) . During lay, 7 to 8 LYF are present on the ovary of a feed-restricted BB, compared with 12 LYF on the ovary of a full-fed hen (Yu et al., 1992) . Excess LYF are typically arranged in double or triple hierarchies in which more than one folli-cle occupies the same position in the hierarchy (Hocking et al., 1987 (Hocking et al., , 1989 . Because of multiple hierarchies, more than one follicle may be released from the ovary in response to a single luteinizing hormone (LH) surge (Yu et al., 1992) . Van Middlekoop (1971) coined the term EODES (erratic ovulation and defective egg syndrome) to describe the common reproductive problems of BB. This syndrome results from multiple hierarchies (Hocking et al., 1987; and poor control of the reproductive system (Robinson et al., 1993) , including erratic oviposition (ovipositions outside the normal period of laying as compared with egg-type hens), internal ovulation, internal laying, soft-shelled or membranous eggs, multiple-yolk eggs, and multiple-egg days.
Feed restriction is a common industry practice designed to limit BW of BB and thereby improve reproductive fitness. The level of feed restriction during the rearing and laying period is a critical determinant of overall egg production (Yu et al., 1992) . Feed restriction during rearing and lay has been shown to reduce the weight of the ovary primarily through the reduction of the number of LYF at sexual maturity. With this reduction in LYF, a decrease in the symptoms of erratic ovulation and defective egg syndrome is also observed. The age at sexual maturity (point of initiation of lay) is also delayed by feed restriction. Katanbaf et al. (1989) suggested that the initiation of lay in full-fed BB is dependent on reaching a critical age, whereas sexual maturity in feed-restricted hens is dependent upon attaining a critical BW and body composition.
Manipulation of the photoperiod is one of the most powerful management tools available to the producer. An increase in daylength to more than 10.5 h is generally considered the cue to initiate sexual development. This reproductive response can be modulated through nutrition and varies greatly between species. Broiler breeder management decisions related to lighting schedules are largely based on BW at age measurements, as well as conformation and frame size. These parameters attempt to identify the readiness of a pullet to enter into sexual maturity. Lupicki (1994) has shown that as the age at photostimulation is increased so is the age of sexual maturity. Furthermore, BB hens will begin reproductive development in the absence of a photostimulatory cue; however, the onset of lay is significantly delayed compared with that of hens that were photostimulated (Lupicki, 1994) .
Genetic selection for growth and breast meat yield has resulted in the development of different commercial crosses designed to address the various needs of the poultry market. Birds destined for fast food, parts, further processing, or roaster markets vary in growth rate, feed conversion efficiency, meat yield, and reproductive efficiency. Because BW and reproduction are negatively correlated, maximizing egg production from these products becomes more complex as each generation increases in growth and yield. Due to the differences in growth rate and yield among birds destined for different commercial products, the response of different strains to feed restriction and lighting programs may be quite varied.
his experiment was designed to determine if strains developed for different broiler products would differ in their reproductive response to various feeding and lighting conditions. It would be of interest to know if pullet management programs should be altered to accommodate the changing requirements of the modern day BB.
MATERIALS AND METHODS
Two hundred forty 20-wk-old BB parent stock pullets were obtained from Campbell Soup Research Facility (Farmington, Arkansas). The 4 strains, developed by 2-way crosses from different primary breeder companies, represented a traditional broiler (A), 2 high-yield broiler strains (B, C), and a roaster strain (D). Broiler strain A is characterized by rapid growth, and is used for the whole bird or parts market, and the breeder has relatively good reproduction. Strains B and C were developed for high breast yield, and are used for fast food and deboned products. The breeders of these lines have moderate reproduction. Strain D was developed for relatively later carcass maturation compared with that of A, B, and C, with emphasis on conformation and extreme yield. These birds are used for the whole bird or deboned products market and the breeder has relatively compromised reproduction.
Each breeder strain was represented by 60 pullets that were reared in floor pens. From hatch to 20 wk of age, each strain was feed restricted in a manner consistent with that recommended by the respective breeder companies. Upon delivery to the study facilities, the 20-wk-old pullets were weighed and placed in individual cages to determine age of first oviposition birds. The experimental design was a 4 × 2 × 2 factorial consisting of 4 strains, 2 feeding programs, and 2 lighting programs. Fifteen birds from each strain were used in each feed × light treatment combination. Thirty pullets of each strain were caged in each of 2 houses to facilitate photostimulation at 21 or 24 wk. Pullets were maintained on an 8L:16D photoperiod until the designated age of photostimulation, at which time the photoperiod was increased in a single step to 14L:10D. At the time of photostimulation, 15 birds of each strain × lighting program combination were released from feed restriction to ad libitum access to feed (21F and 24F). The remaining 15 birds of each strain × lighting program combination were maintained on a common feed restriction program for the remainder of the study. Restricted birds received the same limited daily quantity of feed consistent with breeder recommendations (approximately 111 g/d for 21R and 24R).
As birds sexually matured, feed was withdrawn until the following morning, at which time the birds were killed by cervical dislocation and dissected. Care was taken to avoid ovarian damage caused by excessive postmortem movement. The weight (in grams) parameters measured included: body, breast, liver, fatpad, ovary, stroma, and oviduct. The number of LYF was recorded. Means within a column with no common superscript differ significantly (P < 0.05).
Statistical Analysis
The traits analyzed included not only absolute weights but also organ weights expressed relative to body weight. Data were analyzed using the GLM procedure of SAS (1994) for significant main effects and interactions. Results were considered to be statistically significant if P < 0.05.
RESULTS AND DISCUSSION

Age and BW at Sexual Maturity
It has been demonstrated that BB pullets must obtain a minimum BW to initiate egg production (Brody et al., 1984) . It was further shown that, although full-fed birds may obtain this BW by 14 or 15 wk, they do not commence lay until 24 or 25 wk, suggesting that an age threshold must also be achieved (Leeson and Summers, 1983; Brody et al., 1984) . In this experiment, there was a strain × feeding program interaction for BW at sexual maturity (Table 1) . As expected, full-fed birds of all strains were significantly heavier at sexual maturity than restricted birds. Significant differences in BW at sexual maturity were evident among the strains under ad libitum feeding conditions but not under feed restriction. Pullets of strain B, a high yield strain, were significantly heavier at sexual maturity than those of the other high yield strain (C) and the roaster strain (D), whereas the pullets of the traditional strain (A) were not different from those of any other strains. The age at photostimulation did not significantly affect BW at sexual maturity. Thus, feeding program has a greater affect on the BW at sexual maturity than the timing of photostimulation. Under ad libitum conditions, some strains were significantly heavier at sexual maturity. However, under a common feed restriction program, all strains initiate lay at a similar BW. A feeding × lighting program interaction showed that feed restriction delayed sexual maturity when pullets were photostimulated at 21 wk but did not affect the rate of sexual development when photostimulation occurred at 24 wk (Table 2 ). Birds in the 21F treatment group initiated lay at a mean age of 26.4 wk (185 d or 5.2 wk postphotostimulation), whereas the 21R, 24R, and 24F birds reached sexual maturity approximately 2 wk later. More variation existed in the number of days from photostimulation to sexual maturity under feed restriction compared with ad libitum feeding (CV = 35.8% vs. 26.9% for restricted and full-fed birds, respectively). The response to photostimulation as measured by the time from photostimulation to the production of the first egg also revealed a feeding × lighting program interaction ( Table 2) . Comparison of full-fed groups showed that time from photostimulation to lay was almost 9 d longer for 21F than for 24F BB. There were no differences in the rate of response for the restricted and full-fed birds photostimulated at 24 wk. This finding is similar to that of , which showed that as the age at photostimulation of BB pullets increased, the time from photostimulation to sexual maturity decreased. Initiation of lay occurred approximately 7 wk after photostimulation for the 21R birds compared with 5.2 wk for the 21F birds. In addition, the 21F pullets initiated sexual development when the BW threshold had been met, whereas meeting the threshold BW required for sexual development was delayed by the ongoing restriction program in the 21R pullets. Pullets photostimulated at 24 wk had met the BW and age thresholds and began reproductive development when given a photostimulatory cue. The initial egg laid in the 24-wk photostimulation treatments occurred 15 d after photostimulation. Following the initial growth of ovarian follicles to the large white stage (2 to 3 mm), follicles are selectively recruited and proceed through the yellow yolky stage of development within 7 to 11 d (Gilbert, 1971; Grau, 1976) . The findings of our experiment are in agreement with those of Katanbaf et al. (1989) , who demonstrated that full-fed BB are dependent on reaching a critical age to initiate sexual development, whereas feed-restricted birds are dependent on reaching critical BW and body composition thresholds. These conclusions can likely be made for all modern BB strains as represented by the various strains in this experiment. Figure 1 shows the rate of reproductive development in response to an increase in daylength. The cumulative Means within rows of feeding program with no common superscripts differ significantly (P < 0.05).
percentage of the flock in lay was plotted against the number of days postphotostimulation. The profile of the curve is similar for all treatments except 21R, where there was a subpopulation of birds that initiated sexual development earlier than the majority of the birds in that treatment. During the period from 30 to 37 d postphotostimulation, 20% of the 21R pullets began lay. This period was followed by a lag period from 37 to 44 d in which no birds sexually matured, after which the slope of the curve is similar to that of all other treatments. At the time of caging and photostimulation, the BW of the early maturing 20% was significantly greater than that of the remaining 80% of the pullets in the 21R treatment (2,111 vs. 1,830 g, respectively). However, by sexual ma-turity, the birds that were initially heavy weighed 160 g less than the birds that developed later (2,780 vs. 2,940 g, respectively) . Similarly, the BW at sexual maturity of the early maturing 21R pullets was 188 g less than the mean BW of all restricted birds in the experiment. Between photostimulation and sexual maturity, the mean weight gain of the early maturing group was 669 g, compared with 1,110 g for the later maturing pullets. Robinson and Robinson (1991) found that within a flock of feed-restricted birds, BW variability influenced the age of sexual maturity. The age of sexual maturity was compared between pullets that were on the target BW or were underweight (76% of target BW) or overweight (121% of target BW). The mean age at sexual maturity for the underweight, standard, and overweight pullets was 199.3, 186.1, and 183.7 d, respectively. Thus, uniformity in BW at photostimulation is critical in decreasing variation in the age of sexual maturity, especially when pullets are photostimulated before the threshold BW for sexual maturity has been reached. The rate of gain in the weeks immediately before and after photostimulation may affect the rate of reproductive development when nutrients are limited. The early maturing birds were likely very aggressive eaters when maintained in floor pens and thus attained threshold BW before threshold age. Upon caging, these birds underwent the same feed restriction as the rest of the treatment group, but were actually subjected to a relatively higher degree of restriction because they had larger maintenance requirements than the later maturing birds. Because these birds were killed at sexual maturity, it is difficult to predict how their BW profile may have affected subsequent egg production.
Carcass Characteristics at Sexual Maturity
Breast meat is the most economically valuable product in the current broiler industry. Its relatively high heritability has led to the development of high yielding broiler strains to meet the demand for the various further processed markets. This improvement in broiler traits has led to a compromise in the reproductive efficiency of BB. The BB of this experiment are the progeny of a 2-way cross between pure lines. Although the broilers of the various strains represented in this experiment are intended for different products and thus have different growth profiles, many of the growth and yield differences are not apparent in the BB. It is difficult to make direct comparisons in carcass traits between parent stocks and broilers because broilers are the progeny of a 4-way cross. However, it is important to note that the strong genetic selection emphasis placed on growth and yield traits is evident in the genetic makeup of the parent stock BB. This approach has created a physiological paradox between reproduction and growth related traits. On an absolute basis and as a percentage of BW, there were no strain differences in breast weight at sexual maturity except for the traditional strain (A), which had a lower breast weight (Table 3) . Full-fed birds had significantly heavier breast muscle than feed-restricted birds (Table 4) . However, as a percentage of BW, breast muscle was significantly greater for the restricted birds compared with the fullfed birds. It appears that even under conditions of limited feed, BB preferentially use available nutrients for breast deposition. The timing of photostimulation had no effect on breast weights but did affect abdominal fatpad deposition.
As is the intended outcome, feed-restricted birds were leaner at sexual maturity than their full-fed counterparts. There was a significant feed × light program interaction for fatpad weight on an absolute and percentage of BW basis (Table 2) . Fatpad weight was significantly greater for 21F birds compared with 24F birds, but there were no significant differences in fatpad weights between the 21R and 24R birds. Full feeding at the time of photostimulation in birds that have not met the age threshold for sexual maturity results in higher levels of fat deposition. On an absolute basis, there were no differences between strains in fatpad weight (Table 3) . However, on a percentage of BW basis, strain B had significantly lower fatpad weights (Table 3) .
Under the effects of estrogen from the developing ovary, lipid mobilization is increased through the liver. Liver weight was similar for all strains (Table 3 ). The livers of full-fed birds (21F and 24F) were significantly heavier on an absolute and percentage of BW basis compared with livers of the restricted birds (21R and 24R) ( Table 4) . Birds photostimulated at 24 wk had significantly higher absolute liver weights at sexual maturity than birds photostimulated at 21 wk (Table 4) . However, this relationship was not evident when percentage of BW was compared. The 2 major depots for lipids from the liver during puberty are the abdominal fatpad and the ovary. Thus, as the livers of full-fed birds increase significantly in weight during puberty, it can be expected that the weights of the abdominal fatpads and ovaries of these birds will reflect this increase in lipid synthesis and mobilization.
Reproductive Organ Development
The stroma of the ovary is the stock of small, estrogenproducing follicles from which follicles are recruited into the hierarchy. Full-fed birds had significantly larger stroma weights at sexual maturity on an absolute basis compared with feed-restricted birds (Table 4) . Hocking et al. (1987) have shown that, at sexual maturity, the ovarian stroma of full-fed BB have approximately twice as many small follicles between 1 and 8 mm diameters than do egg-type hens. This increased number of follicles may be physiologically important, as Yu and coworkers (1992) found that the in vitro androstenedione production of small white follicles (<1 mm) from full-fed hens was significantly greater than that from feed-restricted hens. On a percentage of BW basis, there was no effect of feeding program on stroma weight (Table 4) . Photostimulation at 21 wk resulted in larger stroma weights at sexual maturity on an absolute basis and as percentage of BW than did photostimulation at 24 wk (Table 4) . Strain differences were apparent for stroma weight at sexual maturity. Stroma weights ranged from a low of 6.6 g (0.20% of BW) for strain C to a high of 8.9 g (0.26% of BW) for strain D. Strains A and B were intermediate with stroma weights of 7.7 g (Table 3 ).
There were no strain differences in ovary weight at sexual maturity (Table 3) . Ovary weight was similar for all strains and for both lighting programs. Feeding level had the greatest effect on ovary weight at sexual maturity on an absolute basis and as a percentage of BW. The ovaries of full-fed birds were 32% larger than those of restricted birds (78.5 vs. 59.3 g, respectively) ( Table 4) . As percentage of BW, ovary weight of the full-fed birds was significantly larger than that of restricted birds (Table  4) . Significantly larger stroma weights and a greater number of LYF contributed to the greater total ovary weight of full-fed birds compared with restricted birds.
All strains had a similar number of LYF (Table 4) . There was a significant feed × light program interaction for the number of LYF (Table 2) . Birds in the 21F treatment group had significantly more large follicles than any other feed × light treatment group. In both the 21-and 24-wk photostimulation treatments, restricted birds had approximately 7 to 8 LYF (7.6 vs. 7.3 LYF, respectively). Birds in the 24F treatment group had 9.5 LYF, which was significantly greater than the restricted treatments but significantly less than that of the 21F treatment group. Full feeding resulted in an increase of 3 LYF compared with restricted feeding (Table 4) . Previous research has shown that the excess LYF of full-fed birds as compared with restricted birds is linearly related to BW and food intake (Jaap and Muir, 1968; Hocking et al., 1987) . Chickens photostimulated at 21 wk had significantly more LYF than those photostimulated at 24 wk (Table 4) . Hierarchies containing more than 7 or 8 LYF usually have one or more positions with multiple follicles (Hocking et al., 1987 (Hocking et al., , 1989 Hocking, 1993) resulting in the release of multiple follicles with a single preovulatory LH surge (Yu et al., 1992) . In a study by Robinson and coworkers (1996) , where pullets were given a moderate (<5 g increase at a time) or more generous feed increase (>5 g increase at a time) between 20 and 25 wk, it was found that the more generous increases resulted in 9 LYF at sexual maturity compared with 8 LYF for the moderate feed treatment. At the end of production, the moderate feed increase group had 10 more eggs than the generous feed increase group . Thus, feeding programs during rearing and especially around the time of photostimulation can have significant effects on subsequent egg production (Hocking et al., 1989; Yu et al., 1992) .
Oviduct weight was affected by the main effects of feeding program and lighting program. Full feeding resulted in significantly greater oviduct weights compared with feed restriction (Table 4) . However, as a percentage of BW, the feed-restricted birds had significantly greater oviduct weights than did full-fed birds (Table 4) . On an absolute basis, oviduct weight was greater for pullets photostimulated at 24 wk compared with those photostimulated at 21 wk (Table 4) . However, there was no influence of lighting program on oviduct weight as a percentage of BW (Table 4) .
Conclusions
Although various breeding companies may use different selection criteria or selection pressures for reproductive traits, differences in reproductive development among the pullets of these strains are marginal. This is likely due to more emphasis being placed towards growth and yield characteristics than towards breeder traits, regardless of the intended final product. The strong emphasis of selection for breast muscle yield is evident as all strains preferentially deposited nutrients toward breast deposition under feed restriction. All the strains represented in this experiment showed similar responses to feeding and lighting programs for most reproductive traits. Feeding level at the time of photostimulation had the greatest effect on the development of the reproductive system. As other research has shown, full-fed hens could be expected to have poorer egg production than feedrestricted hens. However, it appears that the conse-quences of full feeding on the development of multiple hierarchies due to an increased follicle number are less severe when photostimulation is delayed until 24 wk. Lack of uniformity in BW at the time of photostimulation leads to greater variation in the rate of reproductive development. As demonstrated by the 21R pullets, this situation appears to be more apparent when pullets are photostimulated before attaining the threshold BW for puberty.
